ABSTRACT. In a hydrothermal process for the gelatinization of the rice starch, it was studied the rate of hydration, temperature and time. An incomplete 3 3 factorial design was used to evaluate the effects of temperature, enzyme/substrate relation and liquefaction time, with dextrose equivalent (DE) as the response variable. The maximum value obtained was 14.69% DE at 89ºC, with 0.21% (w/w) of enzyme to substrate in 22 minutes. For saccharification, it was studied enzyme/substrate ratios (0.6, 2.4, 4.2 and 6.0% (w/w)) at 60ºC at a pH of 4.30, yielding 49.23, 69.65, 65.12 and 74.67% DE, respectively, after 72 hours. The syrup had a content of 12.78, 16.87, 15.96 and 17.87% of glucose (w/v), pH 2.60 -2.71. The starch content converted into glucose after liquefaction was 61.80% and after saccharification ranged from 75.16 to 77.05% for the relation enzymes substrate tested.
Introduction
Sugar and syrup production from rice starch hydrolysates using enzymes has increased in recent years. This syrup is widely used in foods, and may also be used as a source of fermentable sugar in beverage production. Rice syrup is a versatile sweetener and is considered healthy; it is widely used in food and beverages such as soft drinks, fruit drinks, breads, cakes, canned fruits, jams, breakfast cereals and bars as well as dairy products (Johnson, Padmaja, & Moorthy, 2009; Van Der Maarel & Leemhuis, 2013) .
In Brazil, rice is a typical product of the domestic market, and only 5% of the national production is exported. The annual consumption per capita of rice in Brazil is approximately 25 kg. Projections of production and consumption of rice show that Brazil will harvest 14.12 million tons of rice in 2019/2020, equivalent to an annual increase in production of 1.15% in the next ten years. Consumption should grow at an average annual rate of 0.86% to 14.37 million tons in 2019/2020 (Ministério da Agricultura, Pecuária e Abastecimento [MAPA], 2015) . For the crop year 2014/2015, data supplied until the month of September 2015 showed production of 12.449 million tons (Companhia Nacional de Abastecimento [CONAB], 2015) .
The constituent parts of the rice grain are the hull, germ, pericarp, seed coat, aleurone and endosperm. To be consumed, the grain is subjected to a postharvest beneficiation process and drying. The beneficiation process consists of stripping and polishing the grain, obtaining as byproducts of this Acta Scientiarum. Technology Maringá, v. 38, n. 1, p. 13-22, Jan.-Mar., 2016 operation the bark, bran and broken rice. Depending on the processing conditions employed in beneficiation, this can be detrimental to the producer, since broken rice has a lower value, considering that the market demands whole grains (Carvalho et al., 2012; Chen, Wang, & Ouwerkerk, 2012) . Broken rice is formed by fragments of grains that are broken during the beneficiation process, with a size less than a ¼ of its original length; these grain fragments pass through a circular sieve with holes 1.6 mm in diameter. Studies have shown that this byproduct (broken rice) is composed to a large extent of residual endosperm, with high starch content, reaching values up to 88% (dry basis w/w). Literature data indicate that during the rice beneficiation process, on average 14% of the grains are broken and classified as broken rice. Broken rice is the most important co-product obtained from cereal beneficiation. It is an important raw material in fermentation industries such as breweries and distilleries of fine alcohols (Limberger, Silva, Emanuelli, Comarela, & Patias, 2008; Limberger et al., 2009; Carvalho et al., 2012) .
The production of syrup with a high content of dextrose equivalent (DE) from hydrolyzed starch requires the application of amylolytic enzymes such as amylases (α-amylase (EC 3.2.2.1) and amyloglucosidase (EC 3.2.1.3). α-amylase is an endoamylase that hydrolyses 1.4-α-glycoside linkages of amylose and amylopectin chains, decomposing starch into soluble dextrins and oligosaccharides. Amyloglucosidase is an α-1-4 D exoglycosidase (glucoamylase). The enzyme catalyzes the hydrolysis of α-1-4 and α-1.6 starch linkages forming glucose from the non-reducing and of amylose and amylopectin chains (Tawil, Viksø-Nielsen, Rolland-Sabaté, Colonna, & Buléon, 2012; Wani et al., 2012; Foresti, Williams, García, & Vázquez, 2014) .
Taking into account the production viewpoint and the amount of byproduct generated, this study aimed at adding value to fragments from the rice industry by producing syrup with a high DE content by starch hydrolysis with amylolytic enzymes.
Material and methods

Feedstock materials
Broken rice (Oryza sativa L.), a byproduct of rice milling, were used as the raw material. The enzymes used for the hydrolysis of starch were α-amylase (Termamyl 120L) and amyloglucosidase (AMG 200L) The broken rice were characterized for their particle size, moisture, protein, ether extract, ash, fiber and starch according to the official methodology of the Association of Official Analytical Chemists (AOAC, 2005) . Amylose and amylopectin were assessed according to the methodology of the American Association of Cereal Chemists (AACC, 2001) . The determination of the mineral content was performed by nitropercloric digestion of the ashes and the minerals contained in the sample were determined by atomic absorption spectrometry (AAS; Perkin-Elmer © 2380, USA) using an air-acetylene flame. The total count of strict and facultative aerobic microorganisms and viable fungi was performed in all the necessary steps according compendium of methods for the microbiological examination of foods of American Public Health Association (APHA, 2001 ).
Determination of enzyme activity
The determination of the units of bacterial α-amylase was based on the time required to obtain a degree of pattern hydrolysis with a starch solution 2% at 30 ± 0.1ºC. A Bacterial Amylase Unit (BAU) is defined as the amount of enzyme that dextrinizes 1 mg of starch per minute, under standard conditions, according to the manufacturer's recommendation.
Amyloglucosidase (AMG 200L)
The determination of the activity of amyloglucosidase was based on the conversion of starch to dextrose by an enzymatic essay, in which dextrose is quantitatively determined by the Somogyi-Nelson method. One amyloglucosidase unit (AGU) is defined as the amount of enzyme which produces 1 g of dextrose from starch in 1 hour, according to the manufacturer's recommendation.
Specific Enzyme Activity
The specific enzyme activity was found through the ratio between enzyme activity and milligrams of protein. The protein content of Termamyl 120L and AMG 200L enzymes were determined by the Lowry method (Lowry, Rosebrough, Farr, & Randall, 1951 Hydrothermal process for maceration of rice
The material was milled in a multi-purpose laboratory mill (TECNAL ® , Brazil) and run through a 60 mesh sieve. Samples with 20% (w/w) solids were macerated with distilled water and kept for 24 hours at temperatures of 20, 50, 60, and 70ºC. The steep water was also subjected to these temperatures before being added. The rate of water absorption was measured as grams of water absorbed per gram of solid at certain time points, i.e. every 5 minutes for 20 minutes, then every 10 minutes for the first hour, and finally in 24 hours. A weighed amount of α-amylase (Termamyl 120) was diluted in 0.43 M CaCl 2 (pH 7.0), according to the manufacturer's recommendation, so that the desired amount of enzyme was present in 5 mL of this solution , in accordance with the levels of variation of the experimental design (Table 3) . 20 mL of the flour dispersion was added to 5 mL of the enzyme solution. Thus, the resulting paste had a 20% concentration of dry solids. The paste were homogenized, brought back to the Dubnoff water bath and then kept under constant agitation. At the end of hydrolysis, samples were quickly removed from the Dubnoff bath and immersed in an ice water bath. Then, 1 g of liquefied broken rice flour paste was added to 100 mL of ice-cold distilled water. Samples were diluted when necessary and reducing sugars were determined by the methodology recommended by Somogyi-Nelson. The determination of the pH of the rice flour paste was performed before and after the liquefaction process.
Experimental Design
To optimize the liquefaction process, an incomplete factorial Box-Behnken design was used (3 3 ), containing 15 experiments with three replications at the center point. Each independent variable (X 1 , X 2 and X 3 ) was transformed into coded variables (x 1 , x 2 and x 3 ) ( Table 3 ). The independent variables studied in the response surface methodology (RSM) were: temperature (X 1 ), the enzyme-substrate ratio (X 2 ) and time (X 3 ) analyzed at three equidistant levels of variation and coded as -1, 0 and +1, using as the dependent variable (Y) dextrose equivalent (DE). Independent parameters, as well as the focal point and levels, were based on preliminary experimental data and the literature (Kolusheva & Marinova, 2007) . The optimization of the conditions, the regression coefficients and analysis of variance (ANOVA) were determined by the software Statistica v.9.0 (Statsoft ® , USA).
Mathematical model
The mathematical model employed is shown in Equation (1):
where Y is the response variable (%DE) and the terms β 0 , β i , β ii and β ij are the coefficients of the determined regression equation. X i and X j are values of the factors codified to x i and x j .
Evaluation of the extent of liquefaction
The extent of liquefaction was evaluated by the amount of reducing sugars produced, such as glucose, expressed in DE, which represents a measure of reducing sugars present in the product as a percentage of the total dry substances (Lin et al., 2013) . The content of hydrolysis DE in each test was obtained by subtracting the DE of the sample from the DE of raw material.
The starch content was determined in the liquefied paste under the optimal conditions for the evaluation of the extent of its conversion. The starch fraction in the paste, at the optimal point coordinates obtained by RSM, was obtained by centrifuging the suspension for 15 minutes at 3,000 g, thereby separating the supernatant and the paste. The paste was treated with successive washes with different solvents and centrifuged for 5 minutes at 3,000 g. The solvents used and their sequence of treatment were: 1) distilled water; 2) ethanol; 3) petroleum ether; 4) 0.15% NaOH; 5) distilled water. The last wash was performed only when the absence of alkalinity was determined and sugar was qualitatively tested. Then, the paste was dried in an oven with forced air circulation at 40ºC and crushed, producing flour. The starch content of the flour was evaluated as prescribed by AOAC methods (2005) . In the remaining steps in which the resulting starch content was evaluated after enzymatic treatment, the same procedure was used. Starting from the optimal point determined by the RSM coordinates, tests were conducted to study saccharification behavior with amyloglucosidase (AMG 200L) at 60ºC and pH 4.3, as indicated by the manufacturer's ideal working conditions, the pH was adjusted with phosphoric acid 6 M. The enzyme to substrate ratios in which the saccharification experiments were conducted were 0.6, 2.4, 4.2 and 6.0% (w/w). The extent of saccharification was evaluated by assessing glucose production over time. The determination of glucose was performed spectrophotometrically using an enzymatic method (GOD-PAP, Biolabo ® , France). The results are expressed in terms of the content of hydrolysis DE, done by subtracting this value from DE at the maximum point of liquefaction.
The determination of starch after saccharification of the liquefied paste was performed under the studied conditions (section Evaluation of the Extent of Liquefaction). The syrup was characterized by its pH and glucose.
Scanning electron microscopy (SEM)
The starch rice was observed under SEM for both control and hydrolyzed starch. Starch granules were mounted on aluminum specimen stubs with double-sided adhesive tape, with a 20-30 nm layer of gold in a KSE 24M high vacuum evaporator and scanned in a scanning electron microscope (LEO 435VP, England) was used, at an accelerating voltage of 10 kV and the selected regions depicting distinct morphological features were photographed for taking micrographs of specimens before and after their fracture.
Results and discussion
Characterization of raw materials
The particle size analysis of the broken rice showed 63.40% (w/w) of particles with dimensions larger than 1.0 mm, 36.19% between 0.5 and 1.0 mm and 0.41% less than 0.500 mm in size. The results of chemical analysis of the broken rice, expressed on a dry basis (88.93 of dry solids) are shown in Table 1 . The component present in the highest proportion in the raw material was starch. The amylose fraction (21) and amylopectin (79) are consistent with data from Limberger et al. (2008) and Lin et al. (2013) . Taking into account the ether extract, fiber and ash, it can be assumed the presence of the rice embryo and pieces of hull in the studied product. The composition of minerals in rice and, consequently, in the broken rice, presents a wider range of variation of the values when compared to the literature; however, these data may be regarded as coherent, because the values of minerals are directly related to different compositions of nutrients present in the soil where the rice was grown (Limberger et al., 2009; Carvalho et al., 2012; Surendiran, Alsaif, Kapourchali, & Moghadasian, 2014) .
For the total count of strict aerobic and facultative viable microorganisms, the raw material presented an estimated value of 3.91 e 1.70 log UFC g -1 for fungi. Table 2 shows the results for the enzymatic activity of α-amylase (Termamyl 120L) and amyloglucosidase (AMG 200L) . The enzymes maintained their biocatalytic activity unchanged throughout the experimental work. The standard count of microorganisms and fungi was always lower than that recommended by the Food and Agriculture Organization (FAO) specifications for food enzymes.
Enzymes
Maceration Rice
The equilibrium moisture content of the broken rice in 20% solids, which represents the hydration level of rice at a temperature of 20ºC, absorbed ) content of the rice. The results of hydration at temperatures of 50 and 60ºC for 24h were 0.40 and 0.42 w/w respectively. At the temperature of 70ºC showed an increase in hydration of 0.12 to 0.74 w/w after 24 hours. This increase in moisture at 70ºC can likely be attributed to the gelatinization of the starch. The hydration behavior of rice is seen as an important quality parameter for cooking. It is expressed in terms of grams of water absorbed per gram of rice for a certain cooking time, and may be further defined as the swelling ratio.
Studies have shown that the water absorbed by the rice during cooking is better explained by the proportionality of the surface area of the grain per unit mass (as a function of size and shape) than for amylose. The swelling and solubility of rice flour are also properties related to hydration (Sowbhagya, Ramesh, & Ali, 1994) . The time required for maceration varies with temperature, cultivar and the degree of polishing of the raw materials, justifying our assessment of the performance of broken rice in terms of these parameters (Lai, Chang, & Luh, 1980) . The ratio employed was 20% (w/w) total solids of broken rice and mashing at 70ºC for 15 minutes, yielding an absorption of 0.43 g water per g of solid.
It is known that the value of 0.40 g of water per g of solid, after mashing, is sufficient for the complete gelatinization of rice starch when subsequently cooked (Oyashiki, Uchida, Hanai, Obayashi, & Oka, 1987; Briffaz, Mestres, Escoute, Lartaud, & Dornier, 2012) . Thus, the conditions to perform the maceration of the broken rice were determined, and the broken rice was subsequently subjected to enzymatic hydrolysis.
Enzymatic Hydrolysis Liquefaction -Experimental Design
The results of the experiment based on the experimental design for the liquefaction of starch in broken rice are shown in Table 3 .
The mathematical statistical quadratic model, which represents the response function, is equivalent to Equation (2). In the canonical equation fitted to the experimental data, the dependent variable Y is the % of DE, for which significant terms at the 5% level are indicated by an asterisk. According to Equation (2), all linear and quadratic terms were significant (p < 0.015), except the terms x 3 linear (time) and interactions terms. Among the significant terms, only linear x 2 (enzyme/substrate ratio) positively influenced the response DE, while the other terms influenced it negatively.
The quality of the equation was verified through ANOVA (Table 4) , in which the model was significant at the 5% level, with experimental and adjusted coefficients of determination equal to 98.19 and 94.94%, respectively, and a significant regression deviation. However, Waszczynskyj, Rao, and Silva (1981) suggest that the test of lack of fit may be considered irrelevant when the mean square of the experimental error is extremely low, which occurred in the present work, confirming the validity of the model for predictive analytics. The three-dimensional response surface for the canonical Equation (2) demonstrates that the optimal value of DE in the process occurs when applying a temperature of 88.79ºC, with an enzyme substrate ratio of 0.208 (% w/w) and a time of 21.78 min., indicating a maximum estimated response of 14.47% (Figure 1) . The hydrolysis of the starch is not stable, and a DE below 13% occurs with the formation of insoluble starch particles, which are removed by filtration (BeMiller & Whistler, 2009) .
The optimum conditions shown in Figure 1 were experimentally validated in triplicate, under the following conditions: temperature of 89ºC, enzyme/substrate ratio of 0.21% (w/w) and time of 22 min., yielding an average value of 14.69% DE. The t-test for single samples applied to the average showed no significant difference between the average value obtained experimentally and that estimated by the model of 14.47% DE, with a p-value of 8.81%. Moreover, Levene's test showed that the condition of homogeneity of variance can be accepted because the p-value was equal to 32.87%. The parameters determined in the experimental design reduced the viscosity of the suspension. The pH was 5.62 in the broken rice flour paste; after the liquefaction process, the pH was 5.72. The aim of the liquefaction process is to convert a suspension of starch to dextrins and reduce the viscosity, thus to facilitate the conversion to glucose through amyloglucosidase.
After the gelatinizing process, α-amylase increased the rate of hydrolysis, in a multiple attack system where part of the chain is released and part remains complexed with the enzyme when multiple α-1,4 bonds are hydrolyzed until dissociation of the enzyme's active site (Silva, Quintino, Monteiro, & Asquieri, 2010) .
As shown in Figure 1 , with the time determined as ideal, there was a decrease in DE, possibly due to saturation of the enzyme's active site. According to Kolusheva and Marinova (2007) , the extent of starch hydrolysis is inhibited with an increase in the concentration of reducing sugars in the medium. The increase in temperature also led to decrease in DE probably due to denaturation of the enzyme's active site. Amylases of fungal origin generally have reduced activity at temperatures higher than 50ºC, although, in the presence of an excess of calcium ions deactivation can be decreased (Soares et al., 2010) .
It is well known that, although the action of α-amylase is limited to breaking the α-1,4 bonds of amylose and amylopectin, different saccharides and dextrins are formed, such as maltoheptoses, maltohexoses, maltopentoses, maltotrioses, maltose and glucose therefore, the DE was less than 30% (Ruiz, Sanchez, Torrres, & Molina, 2011) . The DE value of 14.69% represents, approximately, 50% of the maximum value cited by Ruiz et al. (2011) and higher than the DE value of 13% found by BeMiller and Whistler (2009) . The total count of aerobic strict and facultative viable microorganisms in the suspension after liquefaction was 2.60 log UFC mL -1 , with no fungal growth.
Saccharification
The results obtained for saccharification, using the conditions (section Saccharification of the Liquefied Paste with Amyloglucosidase (EC 3.2.1.3.)) previously defined for the liquefaction and mashing steps are shown in Figure 2 .
The enzyme/substrate relation that reached the maximum values of DE and glucose in the smallest time of hydrolysis were: 0.6% -49.23% DE, 12.78% of glucose after 60h; 2.4% -69.65% DE, 16.87% glucose after 68h; 4.2% -65.12% DE, 15.96% of glucose after 71h; 6.0% -74.67% DE, 17.87% of glucose after 65h (Figure 2 ). The values found for the rate, with the numbers of observations used to describe the linearity of the saccharification progress curve, and the coefficients of determination (R 2 ) and variation coefficient (VC), are given in Table 5 . Based on mass balance, the initial starch content of the raw material was 81.13% and, after liquefaction, it reached a value of 30.99%, in the separate liquefied paste from syrup. This means that 61.80% of the initial amount of starch was converted it. The starch content after each of the studied processes and the conversion to the initial content in the broken rice flour are presented in Table 6 . The results affecting the velocity (Table 5 ) and the extension of enzymatic starch hydrolysis (Table  6) can be attributed to various factors such as the granule morphology, the relation amylose amylopectin, crystallinity, degree of gelatinization, Acta Scientiarum. Technology Maringá, v. 38, n. 1, p. 13-22, Jan.-Mar., 2016
particle size, the extension of retrogradation, the thermal deterioration of the starch to the low moisture content or presence of other components that interact with starch, as the complex amylose/lipid and interactions starch/protein (Leloup, Colonna, & Ring, 1992) .
Morphology of starch rice
The SEM micrographs of control starch without the addition of enzyme and hydrolyzed starch with the addition of enzyme α-amylase and amyloglicosidase are shown in Figure 3 . The susceptibility of the starch granules can be classified by the intensity and the way in which the granules are eroded or corroded. The control rice starch granules had an irregular shape, probably due to the beneficiation process that rice is subjected; a smooth surface is observed with grain sizes of 1-20 μm. After hydrolysis, there was a noticeable morphological change in grain structure, with highly fragmented topography, high porosity and depth of the pores when compared to the control, demonstrating the enzymatic activity over the starch granules, with several smaller fragments. Thus, it can be inferred that the degree of starch digestion is greater in the hydrolyzed sample, because of larger surface area (Mohan, Gopal, Malleshi, & Tharanathan, 2005; Uthumporn, Zaidul, & Karim, 2010) .
Syrup
The Table 7 shows the glucose contents of the syrups obtained after 72 hours of saccharification, in the enzyme/substrate relations evaluated, under optimal conditions of maceration and liquefaction determined in the previous sections. The susceptibility of the starch by the amylolytic enzymes, depends beyond the starch source and the enzyme, also depends of the processing conditions. In the reactions catalyzed by enzyme on the starch, in physiological conditions, the hydrolysis constant in disaccharides is around 100%. These are irreversible due to the balance be higher in product formation. In non-physiological conditions, the hydrolysis constant of glycosidic bonds has been around 50% with high concentrations of amylase enzyme. The lipids associated with starch are usually polar and require polar solvent, such as methanol and water, for its extraction. The combination of alcohol and high enzyme concentration, the hydrolysis of glycosidic bonds can reach 85% (BeMiller & Whistler, 2009 ).
Conclusion
Hydrothermal processing, liquefaction and saccharification of rice starch were optimized at each stage. RSM was useful for the modeling and optimization of microbial α-amylase activity on a paste of broken rice flour, with optimum conditions provided a decrease in the viscosity of the suspension of broken rice flour. It is possible to use byproducts from the rice processing industry for syrup production with high dextrose equivalent. The syrup produced in this study has the potential to be used in the food industry for the production of either yeast-fermented beverages or as a sweetener.
